Introduction
============

The JAK-STAT signaling pathway is highly conserved from flies to mammals, and plays essential roles during development and cellular processes such as segmentation, proliferation and organogenesis. In addition to these roles, the JAK-STAT pathway is also a crucial regulator of stem cells and their niches, with *Drosophila* having emerged as an exceptional model system to study the relationship between stem cells and their microenvironments. The unique architecture and accessibility of larval and adult stem-cell bearing tissues, combined with the advantage of precise genetic manipulation allow the study of cell--cell interactions at the highest resolution, without losing the context of the whole tissue or organism. A recent example showcasing the exceptional potential of *Drosophila* for stem cell research provided novel insights into the chicken and egg dilemma of what comes first---a stem cell or a niche? Mathur et al. were able to demonstrate that in the developing midgut, a stem cell progenitor gives rise to both a stem cell and a niche cell, a discovery which provides the first paradigm for the origin of stem cell niches.[@R1]

Adult stem cells are essential for tissue homeostasis and regeneration, and are promising candidates for therapeutic approaches for degenerative diseases, myocardial infarction, and hematological malignancies. Their ability to both self-renew as well as to differentiate into a restricted number of lineages depends on their stem cell niche, which provides them with structural support and signaling cues for cell fate decisions. Importantly, it has become clear that cancer stem cells depend on their niches as much as non-pathological stem cells.[@R2] An especially exciting new view has emerged from the understanding that motile cancer cells need a supportive niche for successful metastasis.[@R3] A better understanding of stem cells and their niches is therefore essential for clinical advancement and safety.

This review will focus on three stem cell regions---testis, ovary, and the intestine. We will discuss recent findings of novel mechanisms of JAK-STAT signaling, as well as its interactions with other signaling pathways, an important aspect to understand the wider implications of changes in pathway activity.

JAK-STAT Signaling
==================

In contrast to the mammalian system, *Drosophila* offers a low complexity version of the JAK-STAT pathway, in which all components downstream of the pathway ligand are present in a single copy. The *Drosophila* ligands Unpaired (Upd), Upd2 and Upd3 are partially redundant, but also provide functional and tissue specificity, marked by their partly overlapping, partly independent expression patterns.[@R4]^,^[@R5] Once a ligand binds to the receptor Domeless (Dome), signaling is triggered by activation of the associated JAK Hopscotch (Hop), which recruits and phosphorylates the transcription factor STAT92E. Subsequent dimerization of STAT92E allows translocation into the nucleus, where dimers bind to defined STAT92E binding sites and activate target gene expression. All steps of the pathway are tightly regulated, as aberrant pathway activity leads to developmental and hematopoietic defects in flies and mammals, and is associated with cancer and leukemia in humans. In addition, pathway targets such as *protein tyrosine phosphatase at 61F* (Ptp61F) and *suppressor of cytokine signaling at 36E* (Socs36E) activate regulatory feedback loops.[@R6]^-^[@R8]

*Drosophila* Stem Cells and Their Niches
========================================

Stem cells are unique in their ability to divide symmetrically or asymmetrically. Symmetric division leads to self-renewal, as two new stem cells are produced, which ensures maintenance of the stem cell pool and replenishment if necessary. Asymmetric division produces a stem cell and a daughter cell committed to differentiation, thus ensuring tissue homeostasis. Stem cells therefore have a theoretically limitless capacity to continuously replace cells lost from the tissue, while maintaining their own population, which is essential for regeneration and repair.

Adult stem cells, which are usually more restricted in their potency to produce different lineages, promise great therapeutic potential after initial clinical applications.[@R9] Work in *Drosophila* has been instrumental to the discovery that many stem cells reside in and rely on a special microenvironment, the stem cell niche. The niche is comprised of a group of somatic cells, which provide structural support and specific cues for recruitment, development and maintenance of stem cells. Moreover, niche cells are in active signaling communication with stem cells, often contributing to cell fate choice after stem cell division. However, whereas the niche is clearly defined in some cases, like the testis hub, its identification and function in other tissues remains unclear. By contrast to the *Drosophila* system, mammalian stem cell niches appear more complex, diverse, and dispersed than their *Drosophila* counterparts, making the fly an excellent model to understand the underlying characteristics of the stem cell niches.[@R10]^,^[@R11]

The Hub: Stem Cell Meeting Point in the *Drosophila* Testis
===========================================================

*Drosophila* males are fertile a few hours after eclosure from the pupal case, and continue to produce sperm throughout their lifetime. Their testis resemble a production line, with the stem cell niche located at the anterior tip of the testis tube, and mature sperm leaving the testis at the posterior end. The testis stem cell niche is one of the least complex versions, and therefore lends itself to very detailed analyses of cellular events, such as cell orientation or differentiation, and even allows for live imaging.[@R12] A tightly packed spherical cluster of about a dozen post-mitotic somatic cells form the hub, a structure that both germline stem cells (GSC) and the somatic cyst stem cells (CySC) attach to. GSCs undergo asymmetrical division, producing a daughter cell destined for differentiation called gonialblast (GB), which then goes through four rounds of mitotic amplification with incomplete cytokinesis, producing a cyst of 16 interconnected spermatogonia ([Fig. 1A](#F1){ref-type="fig"}). These then enter meiosis and form a bundle of 64 spermatids, which finally mature and differentiate into motile sperm. CySCs also divide asymmetrically, but the daughter cyst cell (CyC) does not differentiate any further. A pair of cyst cells surrounds the newly formed GB and envelopes the developing cyst throughout their maturation process until it is finally shed during sperm maturation.

![**Figure 1.** (**A**) The anterior tip of the testis hosts the stem cell niche consisting of the hub and CySCs, which are in physical contact with the GSCs. Asymmetric division produces GBs, and transient amplification continues to form spermatogonia (SG) and spermatocytes (SC). (**B**) JAK-STAT signaling from the hub and CySCs promotes GSC self-renewal and prevents differentiation. GSC intrinsic JAK-STAT activity is required for cell adhesion to the hub. See text for details.](jkst-2-e25686-g1){#F1}

The hub therefore establishes a microenvironment required to maintain two populations of stem cells---GSCs and CySCs. However, the hub shares the task of GSC maintenance with the CySCs (discussed below). Interestingly, CySCs and hub cells are derived from common progenitors, and CySCs retain the plasticity to differentiate into hub cells if required.[@R13] Hub formation first becomes apparent in late embryogenesis, and is highlighted by high expression levels of the homophilic adhesion molecules Fasciclin III (FasIII), DE-, and DN-cadherins. Whereas FasIII is predominantly present in between hub cells, the cadherins are also prominent at the hub-stem cell interface,[@R14] essential for anchoring stem cells to the niche. Physical attachment to the niche was assumed a prerequisite for stem cell identity and maintenance, since they are lost when *DE-cadherin* is removed.[@R13] However, more recent findings suggest that altered signaling conditions allow viable GSCs detached from the hub,[@R15] which will be discussed below. Another main function of the hub is the secretion of signaling molecules for the stem cell populations. One of the earliest sexual dimorphisms during hub formation is the production of Upd, which is specific for male stem cell niche formation,[@R14] and the JAK-STAT pathway remains the prominent feature of stem cell:niche interaction throughout development. The fact that Upd secretion from the hub activates JAK-STAT signaling in GSCs and CySCs, and is essential for their maintenance, has been known for some time,[@R16]^,^[@R17] but detailed cell-specific analyses have unraveled a more complicated picture than previously suggested.

In contrast to earlier assumptions, a more recent shift in paradigm suggests that JAK-STAT signaling does not act alone, but in conjunction with bone morphogenic protein (BMP) signaling to ensure GSC renewal. The two BMP ligands *glass bottom boat* (Gbb) and *decapentaplegic* (Dpp) are expressed in hub cells and CySCs, from where they signal to GSCs. BMP activation in GSCs suppresses the differentiation factor *Bag of marbles* (*Bam*), thereby preventing the GSC to GB transition. Thus, BMP signaling is essential for GSC maintenance.[@R18]^,^[@R19]

Bringing these lines of research together, Leatherman et al. recently provided evidence for a model of stem cell maintenance which integrated the BMP and JAK-STAT pathways with cell adhesion.[@R20] The authors propose that CySCs contribute to the niche, as they are required for GSC maintenance and self-renewal. JAK-STAT signaling in the CySCs, via its targets *zfh1* and *chinmo*, activates BMP effectors in GSCs. Interestingly, JAK-STAT signaling in GSCs themselves is not needed for self-renewal, but for adhesion to the niche. Reduction of STAT92E in GSCs leads to mislocalization of DE-cadherin and detachment from the hub ([Fig. 1B](#F1){ref-type="fig"}). This model, however, has recently been challenged by findings from Lim and Fuller,[@R15] who specifically ablated CySCs without affecting GSCs, and discovered that GSCs are maintained and accumulate irrespective of physical attachment to the hub. Those GSCs in contact with the hub still receive Upd and have active JAK-STAT signaling, as well as correctly oriented centrosomes---a prerequisite for asymmetric division. GSCs displaced from the hub are STAT92E negative, but express BMP targets, and divide with randomly oriented centrosomes. The fact that GSCs can proliferate without CySCs, but never express Bam, led the authors to propose that CySCs and their progenitors are actually needed for differentiation of GSCs. It will be very interesting to further investigate the details of the relationship between the somatic and germline stem cells, both attached to and displaced from the hub. It is also currently unclear how BMP signaling is activated in GSCs if CySCs are not the ligand source. The putative matricellular protein Magu (also called Pentagone) could provide a clue though. It is normally expressed from the hub and is required for short range BMP signaling in GSCs.[@R21] However, Magu is also part of a regulatory feedback loop controlling BMP signaling to enhance long range, low BMP signals in other tissues.[@R22] It might be possible that non-physiological accumulation of GSCs detached from the hub activate the Magu-mediated BMP amplification loop.

Another interesting aspect of the role of JAK-STAT in testis stem cells is their target gene profile. Given that the pathway is active in the niche and both somatic and germline cells, but serves different roles in these cell types, it is not surprising that differentially regulated targets and control mechanisms are necessary to distinguish between the tasks at hand. One example is *zfh1*, which is expressed in CySCs, but not in GSCs.[@R23] A potential mechanism for this selective expression comes from the JAK-STAT target gene inhibitor *ken and barbie* (*ken*),[@R24] which in this case regulates expression of *zfh1* in a STAT92E-independent manner[@R25] ([Fig. 1B](#F1){ref-type="fig"}). Like *zfh1* and *chinmo*, *ken* is necessary for CySC renewal, and notably, all three of them are transcriptional repressors.

*ptp61F* is another STAT92E target as well as a phosphatase important for pathway regulation.[@R6]^,^[@R26] Whereas its expression is normally positively regulated by STAT92E, *ptp61F* expression is downregulated in response to JAK-STAT in testis, providing evidence for an uncommon role of STAT92E as a repressor in this tissue. *Ptp61f* is also negatively regulated by Ken, which could suggest a cooperative repression by Ken and STAT92E.[@R25]

*Socs6E* is an established JAK-STAT target gene and feedback inhibitor. In testis, *Socs6E* is highly regulated, not only by STAT92E, but also by the demethylase dUtx, which positively regulates *Socs36E* mRNA expression by removing histone modifications in its regulatory region.[@R27]*Socs36E* is expressed in the hub and CySC to control JAK-STAT signaling. In hub cells, it prevents ectopic *zfh1* expression, and thus inhibits the adoption of CySC fate. In GSCs, *Socs36E* expression fine-tunes JAK-STAT signaling to control cell attachment by regulating correct levels of *DE-cadherin*. Similarly, SOCS36E might limit integrin-mediated adhesion of CySCs to the hub.[@R28] Whereas loss of adhesion leads to depletion of stem cells from the niche, overattachment can lead to hub invasion in the case of GSCs, or, in the case of CySCs, to GSC loss from the niche due to increased CySC attachment interfaces, which competitively replace GSCs from the niche.[@R28]^,^[@R29]

Other signaling pathways involved in stem cell regulation in the *Drosophila* testis are the epidermal growth factor receptor (EGFR) and the Hedgehog (Hh) pathway. EGFR signaling seems to have two distinct roles during spermatogenesis. In GSCs, it regulates the frequency of cell division, as attenuation of the EGFR signal leads to increased speed in cell cycle completion.[@R30] Independently, EGFR signaling from germline cells to their associated cyst cells is necessary for normal cyst encapsulation and differentiation.[@R31]^,^[@R32]

Hh signaling has only recently joined the group of stem cell supporting pathways in the testis. The eponymous ligand Hh is produced by the hub,[@R33] from where it signals to CySCs and GSCs via the transmembrane proteins Patched (Ptc) and Smoothened (Smo) to activate the transcription factor Cubitus interruptus (Ci) (reviewed in ref. [@R34]). Recent independent findings show that Hh signaling is required for CySC maintenance and prevents premature CySC differentiation.[@R35]^,^[@R36] It is not required for cell-autonomous GSC maintenance, but might be necessary for proper BMP activity in GSCs and thus contributes to the inhibition of differentiation. Over activation of Hh signaling leads to over proliferation of CySCs, which can outcompete GSCs for a place at the hub and thus indirectly contribute to GSC loss. Interestingly, Hh and JAK-STAT signaling act in parallel and independently, and Hh in CySC does not contribute to their niche function. Therefore, JAK-STAT signaling remains the main pathway responsible for GSC maintenance via the hub and CySC niche ([Fig. 1B](#F1){ref-type="fig"}).

In summary, the apical tip of *Drosophila* testis provides a region of clearly defined cellular organization, hosting a stem cell niche of apparent simplicity, with germline and somatic stem cells clustering around a central pool of somatic support cells. However, looks are deceiving, as stem cell maintenance is ensured by a complex three way communication between the hub and the two stem cell populations. JAK-STAT and BMP signaling are so far the main authorities responsible for the balance between self-renewal and differentiation, which is essential for tissue homeostasis. Upd emitted from the hub activates JAK-STAT signaling in both CySCs and GSCs, where it regulates a cell-specific set of target genes. In CySCs these seem to have two roles, which are currently under debate. Conflicting results show that JAK-STAT activity in CySCs might or might not be required for GSC maintenance. Different sets of experiments have shown that GSCs are lost when STAT92E is depleted from CySCs.[@R20] However, more recent evidence finds that GSCs can still be found in complete absence of CySCs, and suggests the main task of CySCs is to enable GSC differentiation.[@R15] However, agreement prevails on the fact that loss of JAK-STAT signaling in CySCs, or indeed loss of CySCs, leads to an accumulation of tumorous GSCs, which can proliferate independently of the hub, and they can still activate BMP signaling. JAK-STAT signaling within GSCs is not required for GSC maintenance as such, but is necessary for attachment to the hub. Consistent with this, GSCs accumulating away from the hub do not express STAT92E anymore. Strictly speaking, their identity is subject to debate as they have lost some stem cell attributes---JAK-STAT activity and physical contact with hub cells, but have maintained others---their morphology and hallmark spherical fusome.[@R16] It would be interesting to investigate whether these displaced GSCs still retain the ability to fully differentiate into sperm.

As JAK-STAT plays distinct roles in all three niche cell types, numerous cell specific regulatory mechanisms must be in place. One of these is the feedback inhibitor SOCS36E. It represses JAK-STAT signaling in hub cells, which secrete the ligand Upd, but do not express STAT92E unless SOCS36E is lost.[@R29] In CySCs, SOCS36E keeps JAK-STAT activity low, to ensure correct integrin expression levels.[@R28]^,^[@R29] SOCS36E is also present in GSCs, but does not seem to be essential for their survival, whereas it is required non-cell autonomously for the CySCs. Different levels of JAK-STAT signal therefore activate different downstream events, via specific target genes. Of these, only *zfh1* and *chinmo* are known, and despite their proven relevance for stem cell maintenance, their mechanisms of action are still unknown.

Given the exciting progress and available tools, the testis stem cells will no doubt remain a favorite playground of JAK-STAT enthusiasts for a while. However, further investigations of the involvements of other signaling pathways, as well as their interactions with each other, should be imminent. The exciting appearance of the Hedgehog pathway on the testis stage is a first indication, but niche and stem cell-specific expression data strongly suggests there will be more to come.[@R37] Furthermore, epigenetic regulation adds another layer of complexity to stem cell regulation in testis. An example is provided by the nucleosome remodeling factor (NURF) complex, which is expressed throughout the apex of the testis and antagonizes GSC and CySC differentiation by positively regulating STAT92E.[@R38]

Ovarian Stem Cell Niches
========================

The *Drosophila* ovaries are dominant structures residing in the abdomen of the adult female, resembling two artichokes in shape. Each ovary contains 16 to 21 tubular ovarioles, which contain 6 to 8 egg chambers, each of which holds a series of maturing eggs at different stages. The anterior tip of each ovariole converges into the germarium, which houses the niche for GSCs and escort stem cells (ESC), one of the two types of somatic stem cells. The niche itself is mainly composed of cap cells (CC) and terminal filament (TF) cells ([Fig. 2A](#F2){ref-type="fig"}). However, ESC-derived escort cells (EC, also called inner germarial sheath cells) have been found to also contribute to the GSC niche.[@R39] At the onset of oogenesis, each GSC divides asymmetrically, producing a new GSC and a cystoblast. As the cystoblasts leave the stem cell niche, they "crowd-surf" their way from one escort cell to another, always in extensive physical contact through membrane protrusions.[@R40] The cystoblast then undergoes four rounds of mitotic division with incomplete cytokinesis to form an interconnected 16-cell cyst. At this stage, the associated ECs undergo apoptosis and the cyst gets enveloped by a single layer of follicle cells, which accompany them throughout development, continuously proliferating to adjust to the growing egg.[@R41] Only one of the 16 cystocytes, marked by the presence of the microtubule organizing center, will go through meiosis to become the oocyte, whereas the remaining cells develop into oocyte-supporting nurse cells. The second type of somatic stem cells, the epithelial follicle stem cells (FSC), are located a few cells away from the TF and CCs, and have their own niche (discussed below). FSCs proliferate and differentiate to give rise to polar cells, stalk cells, and follicle cells surrounding the developing cyst cells, thus forming the follicle per se.

![**Figure 2.** (**A**) The germarium located in the anterior tip of each ovariole contains the GSC niche, consisting of TF, CC, and ESC. The FSCs are positioned more posterior and attach to the surrounding basement membrane. (**B**) JAK-STAT signaling partly controls BMP signaling, which is required for GSC self-renewal and inhibition of differentiation. (**C**) Antagonistic Hh and Upd gradients determine the position of FSCs within the germarium. JAK-STAT activity within FSCs regulates Integrin-mediated adhesion to the basement membrane (BM). See text for details.](jkst-2-e25686-g2){#F2}

Given the extensive involvement of JAK-STAT signaling in GSCs in the testis (see above) and intestinal stem cells (see below), its role in the ovarian germline is surprisingly limited. However, JAK-STAT activity is present in the TF, CCs, and ESCs, and signaling has a clear regulatory role for GSCs. Ectopic pathway activation results in a tumorous GSC phenotype, whereas loss of STAT92E leads to the disappearance of GSCs from the niche.[@R41] More detailed analyses have elucidated that JAK-STAT signaling specifically regulates *dpp* transcription in CCs and ESCs, thus controlling levels of BMP signaling (discussed below and [Fig. 2B](#F2){ref-type="fig"}).

Interestingly, JAK-STAT signaling does not regulate *gbb*, implying that JAK-STAT activity manages the ovarian stem cell niche and limits GSC differentiation by a very precise specification of BMP levels.[@R42]^,^[@R43] Similar to its role in testis GSCs, JAK-STAT signaling has not been found to be required cell-autonomously within the germline.

The major regulatory system for GSC renewal and differentiation however is the BMP signaling network, which represses the differentiation-promoting transcription factor Bam in GSCs, thus ensuring GSC maintenance.[@R44]^-^[@R46] Dpp and Gbb are expressed by the TF and CCs and signal through BMP type I (Thickveins \[Tkv\] and Saxophone \[Sax\]) and type II (Punt \[Put\]) receptor complexes. In the GSCs, the activated BMP effector *Mothers against Dpp* (Mad) binds its co-factor Medea to regulate transcription of target genes, including and *Daughters against Dpp* (Dad) ([Fig. 2B](#F2){ref-type="fig"}). In order to allow cystoblast differentiation, BMP signaling has to be switched off in the GSC daughter cell, the cystoblast, demanding a very steep change in response to the BMP gradient from the TF to the GSCs, but not their daughters. Recent findings demonstrate that this is achieved by rapid degradation of the BMP type I receptor Thickveins (Tkv) by the Fused/Smurf complex during the GSC--cystoblast transition.[@R47]^,^[@R48] Other mechanisms include the translation regulator *Brain tumor* (Brat), which represses Mad,[@R49] and the microRNA *mir-184*, which regulates the BMP receptor Sax.[@R50] These findings not only show that BMP activity is necessary for GSC maintenance, but also that it is sufficient to determine cell fate after stem cell division. An additional extrinsic mechanism of limiting the range of BMP signaling might act via the extracellular matrix proteoglycan Dally, which restricts ligand diffusion.[@R51] BMP also acts on the translation regulator *pelota*, which inhibits differentiation in a Bam-independent manner.[@R52] Combined evidence suggests that BMP signaling is indeed the guardian of GSC maintenance, with more than one rabbit up its hat to prevent precocious differentiation.

Other factors important for GSC maintenance include *female sterile (1)Yb* (Yb), *piwi*, and *hh*, all of which are expressed in the TF and CCs. Although the precise mechanisms of their actions are not entirely clear, it is intriguing that all three are interconnected. Yb is believed to regulate *piwi* and *hh* expression in TF and CCs, which in turn controls GSC proliferation independently of Dpp.[@R53] Within the GSCs, Piwi represses expression of the differentiation factor Bam, as releasing Bam would de-repress *Pumilio* and *Nanos*, two differentiation repressors, thus securing GSC maintenance.[@R54] Notch (N) signaling is a key factor for initial niche (TF and CC) formation during development, and thus plays a---possibly indirect---role for GSC maintenance, as loss of N leads to a defective niche and loss of GSCs.[@R55]

The importance of JAK-STAT signaling within the ovary is by no means limited to the GSC niche, as it also controls FSC maintenance, as well as specification and /or migration of the specialized FSC descendants stalk cells, polar cells, and border cells. FSCs are not located in the stem cell niche at the anterior tip of the germarium, but reside more posterior, and provide a source of epithelial follicle cells needed to surround the germline cells and then the entire maturing egg chamber. However, some of the follicle cells differentiate into specialized cells early on, to form polar cells at either end of the developing egg chambers, or stalk cells, which act as spacers between the egg chambers. FSCs differ from GSCs in several aspects; although they do depend on a niche, it is neither as well defined nor located adjacent to the FSCs like the GSC niche. Instead, FSCs partly share the GSC niche and still respond to long-range signaling from the TF and CCs. Recently, Vied et al.[@R56] investigated the interplay of the different pathways involved in FSC maintenance and discovered that fine-tuning of signal intensity is of great importance, since FSCs will only respond appropriately to exactly the right amount of ligand. The two main pathways responsible for FSC maintenance are Hh and JAK-STAT ([Fig. 2C](#F2){ref-type="fig"}). RNAi experiments revealed that FSC are exactly positioned to receive a relatively weak long-range Hh signal from the CCs and TF, regulated by the Hh sequestering protein Brother of iHog (Boi),[@R57] and a strong JAK-STAT signal from specified polar cells located just posterior to the FSCs ([Fig. 2C](#F2){ref-type="fig"}). Wingless (Wg) signaling emanating from the GSC niche also contributes to the optimal FSC positioning within the germarium, although it only supplements Hh and JAK-STAT signals, and is insufficient to rescue loss of either of these.[@R58] However, considering Wg forms a gradient along the anterior-posterior axis, and gradient levels detected even slightly more anterior than the FSCs have been found to be detrimental for FSC establishment, it is possible that Wg signaling is needed to prevent FSC formation too close to the CC/TF niche. BMP signaling is also essential for FSC maintenance by preventing differentiation,[@R59] but it is as yet unclear how it interacts with the other pathways.

Adhesion molecules, such as cadherins, are structurally important components of every stem cell niche, and the FSC niche is no exception. DE-cadherin and Armadillo/β-catenin anchor FSC to the neighboring inner germarial sheath cells[@R60] and are essential for FSC maintenance. Indeed, a recent genetic screen for modulators of the FSC niche suggests that adhesion molecules play a primary role during FSC maintenance, possibly of greater importance than proliferation.[@R61]

Surprisingly, hyperactivation of either Hh or JAK-STAT signaling can compensate for DE-cadherin-mediated FSC loss, suggesting that these pathways can strongly influence adhesive properties to support FSC maintenance.[@R58] Evidence suggests that JAK-STAT signaling promotes Integrin-mediated FSC:basement membrane interactions, indicating a potential mechanism.

All of these data establish JAK-STAT signaling as the main control element of FSC maintenance, niche regulation and early cell fate determination, partly in conjunction with Hh and other signaling pathways. FSC-intrinsic JAK-STAT activity in response to nearby Upd secretion is sufficient for FSC retention, and can even compensate for loss of adhesive properties ([Fig. 2C](#F2){ref-type="fig"}).

An important claim to fame for the JAK-STAT pathway during oogenesis has been its role during border cell specification and migration (reviewed in refs. [@R62] and [@R63]). A very elegant mechanism, in which the two antagonistic pathway targets *apontic* (Apt) and *slow border cells* (Slbo) respond to different levels of JAK-STAT activity, which determines border cell fate.[@R64] Subsequent migration of border cells is also controlled by JAK-STAT, which is required to activate the hormone ecdysone.[@R65]

In summary, the *Drosophila* ovary has established itself as an easily accessible and compact system to study a wide range of different processes. It is in the unique situation to host germline stem cells as well as two different types of somatic stem cells. Even though both of them essentially accompany and support the GSCs at different stages throughout their development, they have very different tasks. ESCs mainly give rise to somatic ECs, and were only recently identified as a distinct subpopulation of the inner germarial sheath cells.[@R41] Similar to CyCs in the *Drosophila* testis, ESCs divide once, and either self-renew or differentiate, and then escort the early GSC daughters on the first leg of their journey. In contrast to CySCs though, which remain associated with the maturing sperm, ECs undergo cell death once the procession reaches the follicle cells. It will be interesting to investigate the mechanisms triggering and controlling EC apoptosis, and to identify the spatial and/or temporal cues. Given the recent finding that JAK-STAT signaling is responsible for the apoptosis of super-numerous polar cells during cell fate specification,[@R58] it would be exciting to investigate whether JAK-STAT's regulation of ECs also extends to their programmed cell death.

The responsibilities of JAK-STAT signaling toward FSCs and the follicle cell lineage are surprisingly versatile in mechanism. By communicating with other signaling pathways like Hh or Wg, it establishes a morphogen pattern that positions FSCs in the correct location. In addition, JAK-STAT signaling strongly supports FSC adhesion to the basement membrane, which might be the reason why high levels of pathway activity can compensate for loss of DE-cadherin. However, the mechanism for this still remains to be elucidated. FSCs are continuously providing new follicle cells for the maturing egg chamber, which in turn support nurse cells and the oocyte. In contrast to ESCs, FSC daughters can adopt different fates---stalk cells, polar cells, epithelial follicle cells, or, later on, border cells, depending on their positions relative to the ligand source and on their interpretation and translation of JAK-STAT activity.

GSCs ultimately all have the same objective---to provide the germ cell for fertilization. It is interesting to note that female GSCs in *Drosophila* still give rise to two different cell types---nurse cells and the oocyte, and are thus multipotent, in contrast to their male counterparts.

JAK-STAT signaling is without doubt one of the key players during oogenesis, even though it is not active within the GSCs itself. It is however essential for the stem cell niche and thus acts as an extrinsic factor for GSC maintenance. By controlling ESC and EC morphology and proliferation, JAK-STAT signaling organizes niche structure, and thus indirectly regulates GSC maintenance.

Intestinal Stem Cell Niche in the *Drosophila* Midgut
=====================================================

The relatively recent discovery of multi-potent intestinal stem cells (ISC) in the posterior midgut of adult *Drosophila*,[@R66]^,^[@R67] a system that is remarkably similar to vertebrate digestive systems,[@R68] has led to a rapidly expanding new research field. The architecture of the midgut consists of a basement membrane (BM), which provides a structural barrier between the underlying visceral muscle (VM) and the epithelium lining the midgut lumen ([Fig. 3](#F3){ref-type="fig"}). Like the vertebrate intestine, the *Drosophila* midgut epithelium undergoes a rapid turnover, with complete renewal occurring within one week. In addition, dietary stress, injury, or infection triggers apoptosis within the epithelial layer, activating ISCs that are essential for replenishing lost cells.

![**Figure 3.** (**A**) During normal tissue homeostasis in the *Drosophila* midgut, JAK-STAT signaling, together with EGFR and Wg signaling, is necessary for ISC maintenance, and promotes differentiation in EB. (**B**) In response to dietary stress, injury, or infection, JAK-STAT signaling is strongly upregulated, and signals back from EnC and EB to ISC to promote ISC proliferation. See text for details.](jkst-2-e25686-g3){#F3}

The majority of the epithelial monolayer is made up of large absorptive enterocytes (commonly referred to as EC, but termed EnC for the purpose of this review), with interspersed smaller, hormone-secreting enteroendocrine cells (EE) ([Fig. 3](#F3){ref-type="fig"}). Both of these cell types derive from enteroblasts (EB), which are the non-dividing daughter cells of the ISCs. ISCs therefore give rise to three different cell types. However, the final cell fate is already decided in the ISCs, rather than the EBs, and depends on levels of the N ligand, Delta (Dl). ISCs with low expression of Dl become EEs, whereas high Dl levels ultimately lead to EnC specification.[@R69]^,^[@R70] The overall ratio of EEs to EnCs has been reported as 1:9,[@R67] although this might depend on the region within the highly compartmentalized midgut.[@R69]^,^[@R71]^,^[@R72]

Unlike adult stem cells in other *Drosophila* tissues, ISCs do not seem to reside in a morphologically defined niche of stromal cells, but are scattered throughout the epithelium and attached to the BM and the underlying VM. However, these structures still function like a niche. The BM provides the necessary structural support, as the ISCs are anchored to it,[@R73]^,^[@R74] while VM secretes pathway ligands to regulate ISC proliferation and differentiation.[@R75]

While base levels of ISC proliferation and regeneration ensure tissue homeostasis, rapid regeneration of the midgut can be triggered by various means. These include dietary changes, epithelial injury, bacterial infection, and DNA damage induced by compounds such as bleomycin. ISC division in response to epithelial damage can be elicited by a caspase-independent mechanism, involving c-Jun N-terminal kinase (JNK), or by a caspase-dependent process.[@R76] However, the common essential denominator for epithelial repair during regeneration seems to be the JAK-STAT pathway, acting independently of JNK activation.[@R76] Interestingly, the precise mechanism of the response is still subject to controversy and conflicting data.

Upon either bacterial infection of the midgut or JNK activation, EnCs induce expression of all three Upd ligands, with Upd3 responding most strongly.[@R75]^-^[@R77] Secreted JAK-STAT ligands then trigger pathway activation non-cell autonomously in different cell types, which leads to ISC proliferation, differentiation, and regeneration of the epithelium. Although all three Upd molecules are involved in stress response, they act in different, only partly redundant, ways. Osman et al.[@R77] dissected their different functions in meticulous detail, and found that upon challenge, Upd3 is upregulated in and secreted by the EnC, Upd2 in progenitor cells (ISCs and EBs) as well as in EnCs, whereas Upd expression levels are only slightly elevated in ISCs and EBs after infection. However, loss of Upd inhibits epithelial regeneration, indicating that even low levels of cytokine are essential for ISC proliferation, as are the downstream components Dome and STAT92E.[@R76] Upd2 and 3 both contribute to ISC mitosis, and both of them trigger synthesis of the antimicrobial peptide *drosomycin-3*.[@R77] Upd-mediated paracrine signaling is sufficient to activate JAK-STAT pathway activity in ISCs, which controls expression of Dl[@R69]^,^[@R76] and activation of EGFR signaling,[@R77]^,^[@R78] resulting in ISC differentiation and proliferation, respectively.

A recent report by Zhou et al.[@R75] showed in a very similar set of experiments that Upd3 is synthesized by EnCs and EBs after infection, and that it signals specifically to the VM and EB, triggering expression of the EGFR ligands Vein (in VM) and Spitz (in EB). These then activate EGFR signaling in the ISCs to commence proliferation. The authors thus postulate that epithelial regeneration requires JAK-STAT signaling in the VM as well as in EBs, but not directly in the ISCs ([Fig. 3B](#F3){ref-type="fig"}).

Another area of debate is the role of JAK-STAT signaling during normal stem cell homeostasis in the midgut in the absence of external stress factors. By generating clones of cells missing components of the JAK-STAT pathway, and following these over time, it should be possible to establish whether JAK-STAT activity is essential for ISC maintenance (in which case clones would be lost over time), or not. However, the jury is still out to answer this question, with some groups reporting a requirement of JAK-STAT activity for basal ISC proliferation or maintenance, and thus loss of clones over time,[@R79]^,^[@R80] whereas others observe JAK-STAT deficient clones long after induction.[@R69]^,^[@R76] The devil might be in the detail however, as Osman et al. find Upd, but not Upd2 or 3, are essential for ISC homeostasis, although the latter two contribute increasingly during aging.[@R77] Additionally, loss of JAK-STAT signaling correlates with loss of stem cell adhesion, which might complicate loss of function clonal analysis.[@R69] A wider analysis including interactions between different pathways suggests that Wingless (Wg), EGFR, and JAK-STAT signaling all contribute to basal ISC maintenance and proliferation in a somewhat redundant manner, and that only loss of all three pathways completely and rapidly abolishes ISC preservation.[@R80]

Either way, JAK-STAT activity, marked by STAT-GFP reporter expression or nuclear accumulation of STAT92E protein is evident in ISCs and EBs, but not in EnCs and EEs under unchallenged conditions, which implies a role for JAK-STAT signaling in the ISCs. The observations that (a) JAK-STAT activity correlates with expression of Dl,[@R76] and that (b) STAT92E is indeed required for expression of Dl[@R69] strongly suggest that JAK-STAT signaling drives ISC differentiation. Indeed, clones lacking STAT92E never develop into EEs or EnCs. The fact that nuclear STAT92E translocation can also be suppressed by N activity,[@R80] but that JAK-STAT signaling is required for EB differentiation independently of N,[@R69] paint a very intricate picture in which JAK-STAT could act both upstream and downstream of N signaling to allow for tightly controlled differentiation events ([Fig. 3A](#F3){ref-type="fig"}).

Evidently, JAK-STAT signaling does not act on its own but is part of a greater regulatory network. The roles of additional pathways involved in midgut tissue homeostasis and regeneration must therefore not be omitted from this discussion. As mentioned above, the EGFR ligand Vein is secreted by the VM, and, together with autocrine EGFR regulation by the ligands Spitz and Keren ensures ISC maintenance and proliferation, both during steady-state levels and in response to stress or injury.[@R81]^,^[@R82] Secretion of the Wnt pathway ligand Wg by the VM also signals to the ISCs to ensure self-renewal and proliferation via regulation of *frizzled*, *dishevelled*, and *armadillo*. Wg also antagonizes N signaling within the ISC, thus co-determining terminal differentiation of the EB into either EnC or EE.[@R83] During regeneration after injury however, Wg secreted from the epithelial EB to the ISC is required for ISC proliferation[@R84] ([Fig. 3A and B](#F3){ref-type="fig"}).

The Hippo (Hpo) signaling pathway has also been implicated in ISC control in the midgut. Its precise role during normal ISC homeostasis is still controversial; conflicting reports suggest that it might, or might not be required to limit ISC proliferation.[@R85]^,^[@R86] However, these results and other findings[@R87]^,^[@R88] agree on the fact that Hpo signaling via its co-transcription factor Yorkie (Yki) is essential for ISC proliferation during midgut regeneration. Yki acts in the EnC to activate non-cell autonomous EGFR and JAK-STAT signaling in the ISC.[@R85]

In summary, the adult *Drosophila* midgut is an important model for stem cell behavior and niche communication, as well as for investigating cellular events during stress response and disease onset. Interestingly, inhibition of the *Drosophila* ortholog of the human adenomatous polyposis coli (APC) gene, *apc1,* mimics the early events of colorectal cancer (CRC). Evidence that the Wg inhibitor, Apc1 activates JAK-STAT and EGFR pathways, via the proto-oncogene *myc,* to drive intestinal hyperplasia, suggests *Drosophila* may represent an influential system to study the mechanisms underlying the disease, but also to identify potential novel therapeutic approaches for CRC.[@R78]^,^[@R89]

Although some details regarding the role of JAK-STAT signaling in the midgut epithelium maintenance remain contentious, important points have become clear over the last years. JAK-STAT signaling is strongly activated in response to bacterial infection and other challenges, as well as by JNK activation, and is essential for epithelial regeneration and for host survival. Under challenged conditions, paracrine JAK-STAT signaling promotes ISC proliferation and is necessary for ISC differentiation. In line with this, activation of JAK-STAT signaling by overexpressing pathway components results in ISC proliferation, differentiation, and hyperplasia, emphasizing that the JAK-STAT-mediated stress response has to be tightly controlled to prevent overgrowth. Whether JAK-STAT activity alone is essential for basal ISC turnover is debatable, but it is definitely required for tissue homeostasis in conjunction with EGFR and Wg activity. Discrepancies between results reported by different research groups could have several underlying reasons. First, whereas the posterior midgut is often treated as a homogenous tissue, regional differences in JAK-STAT activity and expression patterns in ISC have been observed,[@R69] which could affect proliferation rates and cell fate decisions. Second, the midgut epithelium is constantly exposed to external factors ingested with the diet, and might differ between research groups. Indeed, low levels of stress response and apoptosis have been reported in presumably unchallenged midguts.[@R67]^,^[@R90] Third, tissue homeostasis and regeneration are age dependent processes; whereas the former increases with age, the latter slows down. It is therefore essential to compare age-matched individuals.[@R77]

The *Drosophila* intestine has become a well-established model system for adult stem cell investigation with great potential, and has proven itself as a valid invertebrate model for human disease. Both aspects will hopefully be thoroughly exploited to extend our knowledge of adult tissue regeneration, but also to better understand the influences of external factors taken up in the diet; how they trigger cellular responses, and how these responses can sometimes lead to inflammation and disease.

Conclusions
===========

The three *Drosophila* adult stem cell niches discussed in this review have contributed enormously to the advancement of stem cell research, especially with regards to the important stem cell--niche relationship. In addition, they have furthered our understanding of signaling pathways, their regulations, and the networking between them.

Concluding from the results discussed here, JAK-STAT signaling plays multiple roles in the stem cell niche, depending on the cell type and context of interaction ([Table 1](#T1){ref-type="table"}). The applications of pathway activity are accordingly diverse; a signal gradient determining the correct positioning of FSCs in the ovary, paracrine activation of Notch and EGFR pathways during injury response in the midgut epithelium, and localization of adhesion molecules in GSCs in the testis are just a few examples for the wide variety of potential downstream effects of JAK-STAT signaling. In addition, JAK-STAT signaling has also adopted tissue specific roles for each set of stem cells, such as the response to epithelial damage in the *Drosophila* intestine. However, a few common themes have emerged that are consistent throughout the systems, unless the findings are controversial.

###### **Table 1.** Requirement of JAK-STAT activity

             Testis   Ovary   Midgut   
  ---------- -------- ------- -------- -----
  GSC/ISC    yes      yes     ?        yes
  CySC/ESC   ?        (yes)   n.a.     
  FSC        n.a.     yes     n.a.     

Overview of the requirement of JAK-STAT signaling for the different cell lineages in the three *Drosophila* stem cell systems discussed in this review. n.a., not applicable. Brackets indicate implicated requirement. Question marks indicate controversial or missing evidence. See text for details.

1\) JAK-STAT signaling is essential for stem cell maintenance:

Loss of JAK-STAT activity generally leads to loss of the stem cell population, usually by differentiation. Loss of STAT92E in the stem cell niche of the *Drosophila* ovary leads to depletion of both GSC and ESC populations, and of the GSC pool in testis. This supports the idea that JAK-STAT is required for stem cell self-renewal and/or prevention of differentiation. However, this mechanism does not have to be intrinsic to the stem cell, as JAK-STAT activity can be provided in a non-cell autonomous manner. As an example, JAK-STAT signaling in testis CySCs is essential for GSC survival, whereas it is not directly required within GSCs.

2\) JAK-STAT signaling is pro-proliferative and can cause tumorous phenotypes:

Overactivation of JAK-STAT activity leads to aberrant proliferation and accumulation of stem cells. Interestingly, this phenomenon is associated with a loss of stem cell dependency on the niche. Instead, stem cells can survive and proliferate detached and even at considerable distance from their normal microenvironment, while still maintaining at least partial stem cell identity. This is consistent with the findings that perturbations in JAK-STAT activity play a fundamental role in many human malignancies and cancers.[@R91]^,^[@R92]

3\) JAK-STAT signaling is required for stem cell adhesion:

Physical contact with its supporting niche a characteristic feature of stem cells, and JAK-STAT signaling is emerging as a key control factor for stem cell adhesion to the niche. In the testis, both somatic and germline stem cells rely on JAK-STAT pathway activity to anchor them to the niche, via regulation of adhesion molecules. Similar JAK-STAT-mediated mechanisms are in place to promote FSC attachment to the basement membrane in the ovary. ISCs in the *Drosophila* midgut are in intimate contact with the BM. The nature and regulation of this attachment still remains to be explored, but loss of JAK-STAT activity is associated with ISC dispersal.[@R69] Conversely, reports from mammalian systems show that DE-cadherin regulates JAK-STAT signaling.[@R93] Further research should establish whether these two mechanisms are conserved and whether they are independent or contribute to a feedback loop. It should also be considered that integrins and cadherins are able to participate in intracellular signaling,[@R94] and a similar requirement has also been observed in the *Drosophila* adult stem cells.[@R73]^,^[@R74]^,^[@R95] It will be interesting to investigate the details and interdependence of JAK-STAT activity and adhesion in the *Drosophila* stem cell systems.

Considering all three characteristics of JAK-STAT activity and the consequences of its misregulation, it is worth speculating how the findings from *Drosophila* could translate into an improved understanding of human malignancies. JAK-STAT over activation is associated with aberrant stem cell proliferation and mislocalization (2), providing a scenario for initial tumor formation and cell dispersal. The association of JAK-STAT activity with stem cell identity (1) and cell adhesion (3) would then provide a model for metastasis and the formation of secondary tumor sites. Together with the increasing understanding of the interactions of JAK-STAT with the network of other major signaling pathways, derived from the model systems described in this review, could provide important explanations of the multiple links of misregulated JAK-STAT components with various cancers and leukemias.

The well-established *Drosophila* stem cell systems described in this review have proven invaluable for demonstrating that JAK-STAT signaling is an important pathway in stem cell regulation and maintenance. Since this trait is conserved from flies to humans,[@R96] shedding light on the precise mechanisms of this involvement will have direct implications for human stem cell and cancer research.
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